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Introduction
Cigarette smoking by women during pregnancy is associated with increased risk of adverse birth outcomes, including low birth weight, prematurity, neonatal mortality, childhood respiratory illnesses, and abnormal nervous system development. Decreased birth weight in infants born to mothers who smoke was first reported in 1957 (Simpson, 1957) and has since become the most consistently demonstrated consequence of maternal cigarette smoking during pregnancy (Walsh, 1994) . In spite of multiple adverse outcomes associated with maternal cigarette smoking, the mechanisms underlying adverse outcomes associated with maternal smoking are not well understood.
Typically, determination of prenatal cigarette smoke exposure is assessed by self-report through the use of interviews or questionnaires. However, self-reports of cigarette smoking are unreliable and rates of nondisclosure are high, especially among women of child-bearing age and pregnant women themselves (Walsh et al., 1996; Ford et al., 1997; Dietz et al., 2011) . In addition, studies of self-reports of cigarette smoking during pregnancy generally do not include environmental tobacco smoke exposure (ETS, including sidestream and exhaled cigarette smoke), which remains widespread (El-Mohandes et al., 2011) . Therefore, high rates of nondisclosure and under reporting of cigarette smoking among pregnant women indicate the need for a sensitive and objective biomarker to accurately determine smoking status and exposure to ETS. Cotinine (C 10 H 12 N 2 O), the major metabolite of nicotine (C 10 H 14 N 2 ), has been determined to be the most sensitive and specific biomarker for distinguishing smokers from nonsmokers (Jarvis et al., 1987) and is routinely measured in blood, urine, saliva, and hair. Cotinine in meconium and cord blood at the time of delivery has been employed as a biomarker of recent prenatal This article has not been copyedited and formatted. The final version may differ from this version. DMD Fast Forward. Published on December 3, 2012 as DOI: 10.1124 at ASPET Journals on July 7, 2017 dmd.aspetjournals.org Downloaded from DMD #49999 5 exposure to maternal cigarette smoking (Pichini et al., 2000; Derauf et al., 2003; Montgomery et al., 2006; Chazeron et al., 2008; Berlin et al., 2010; Wright et al., 2011; Baheiraei et al., 2012) .
However, it is not always possible or feasible to collect these samples, particularly in studies utilizing samples from anonymous donors or those deposited in biobanks for which little or no information is available regarding prenatal cigarette smoke exposure. Consequently, alternative methods for estimating exposure are required to understand the relationship between the effects of maternal smoking on the developing fetus. Previous studies have shown that cotinine is detectable in term and pre-term placenta from women who smoke (Luck et al., 1985; Joya et al., 2010 ), however, the threshold level of cotinine in placenta to distinguish smokers from nonsmokers has not been determined.
Gene-environment interactions have been suggested to be important in modifying individual susceptibility to low birth weight and preterm delivery associated with maternal cigarette smoking. The expression of enzymes responsible for the biotransformation and detoxification of polycyclic aromatic hydrocarbons and arylamines, toxic components of cigarette smoke, are induced in placenta and fetal tissues by maternal cigarette smoking (Rifkind et al., 1978; Whyatt et al., 1995; Huuskonen et al., 2008; Bruchova et al., 2010; O'Shaughnessy et al., 2011) .
Furthermore, mothers carrying polymorphisms in CYP1A1, GSTT1, GSTM1, and EPHX1 are reported to have increased risk of having an infant with low birth weight if they smoke during pregnancy (Wang et al., 2002; Nukui et al., 2004; Wu et al., 2007) . The mechanisms underlying the increased risk are understood to be related to the biotransformation of constituents of cigarette smoke to toxic intermediates (via CYP1A1) and pathways that detoxify those intermediates (via GSTT1, GSTM1, EPHX1).
This article has not been copyedited and formatted. The final version may differ from this version. The majority of human studies investigating the effects of cigarette smoking on prenatal human development have utilized readily available samples from full-term pregnancies (i.e. placenta and cord blood). However, susceptibility of the fetus to the toxic effects of components of cigarette smoke is likely to be stage-and tissue-specific. On the other hand, there is limited availability of potentially relevant fetal tissues, and in particular, samples with reliable information regarding maternal cigarette smoking during pregnancy. Therefore, as part of a larger study investigating the effects of maternal cigarette smoking on development of the prenatal lung leading to postnatal lung disease, the purpose of this work was to compare cotinine levels in human pre-term placentas from mothers who reported cigarette smoking during pregnancy with those from mothers who denied smoking to determine the optimal threshold to classify cigarette smoke exposure of fetal samples from the same pregnancy. In addition, we demonstrate that cotinine levels in placenta reflect exposure of the fetus to components of cigarette smoke through the association of cotinine levels in placenta with induction in the gene expression of xenobiotic metabolizing enzymes in fetal lung and liver.
This article has not been copyedited and formatted. The final version may differ from this version. ranging from 100 ng/ml to 1 ng/ml. Cotinine concentrations in placenta extracts and blood were calculated from a 4-parameter Logistic/Log analysis of the standard curves (SigmaPlot 6.0) as previously described (Plikaytis et al., 1991) .
Gene expression assays. Total RNA was isolated from tissues as previously described for human and mouse samples, respectively (Leeder et al., 2005; Manoli et al., 2012) . Gene expression assays for murine Cyp1b1 and Cyp1a1 were performed on RNA extracted from mouse lungs using TaqMan Gene Expression assays shown in Table 1 (Invitrogen) as previously described (Haley et al., 2008) . RNA from human lung and liver was reverse transcribed using the Omniscript RT kit (Qiagen) according to manufacturer's recommendations. Gene expression assays were performed using commercially available TaqMan Gene Expression assays (Invitrogen) for CYP1B1, CYP2A6, EPHX1, and GAPDH (Table 1) and PerfeCTa qPCR SuperMix (Quanta Biosciences, Gaithersburg, MD). Gene expression assays to detect CYP1A1 were performed using gene specific primers (Table 1) and Perfecta SYBR Green SuperMix (Quanta Biosciences). Standard curves were generated using serial dilutions from 10 to 10 7 copies/μl of cDNA plasmids. Gene expression levels from human tissues were expressed as copy numbers determined from linear regression of the standard curves. At least three replicate determinations of gene expression were averaged for each subject and normalized with GAPDH expression.
Data analysis. In order to account for variation in tissue sampling, cotinine levels determined by ELISAs are expressed as ng/g placental tissue. Cotinine levels in placentas from mothers who reported smoking during their pregnancy were compared to levels in women who denied This article has not been copyedited and formatted. The final version may differ from this version. smoking using a two-sided Student's t test. Receiver operating characteristic (ROC) curve was employed to determine the optimal threshold to classify a placenta sample as positive for maternal cigarette smoking based on 57 samples with reported smoking status. Area under the curve (AUC), sensitivity (true positive rate) and specificity (true negative rate) were determined as measures of prediction accuracy. An optimal cutpoint was determined by the cotinine level corresponding to the maximum sensitivity when specificity=1. A bootstrap approach was employed to statistically assess the fitness of the optimal cutpoint determined with ROC curve analysis. To do so, we re-sampled 50, 100, and 200 subjects from the original data and for each sample the optimal cutpoint was recalculated. This process was repeated 10,000 times to determine the mean and standard deviation of the cutpoint, AUC, and sensitivity. Gene expression data were log-transformed and compared between samples with or without detectable cotinine in placenta derived from the same pregnancy using a two-sided Student's t test. All analyses were performed with R 2.13.2, SPSS 18, SAS 9.2, and JMP 10.0.
This article has not been copyedited and formatted. The final version may differ from this version. 
Results
Cotinine Levels Are Increased in Placentas from Mothers that Report Smoking Cigarettes During Pregnancy
To characterize the range of placental cotinine exposure associated with maternal smoking, cotinine levels (ng/g total placental tissue) were determined in whole cell extracts prepared from human placenta samples obtained from 47 women who reported smoking at some point in their pregnancy (PCA 49 to 137 days). Cotinine values in placenta from self-reported smokers ranged from below the limits of detection (<1ng/ml of extract, n=3) to 143.5 ng/g of tissue with a median of 27.2 ng/g placenta (interquartile range 8.2-60.6 ng/g). One sample with no detectable cotinine was from a woman who reported "occasional" cigarette smoking while the other two samples with no detectable cotinine did not have associated information provided regarding the frequency of cigarette smoking. The highest cotinine level was observed in the placenta from a woman who reported smoking a pack of cigarettes (20 cigarettes) per day. As negative controls, cotinine levels were determined in the placentas from 10 women who denied smoking during their pregnancy (PCA 67 to 122 days). Cotinine values in placenta in women who denied smoking ranged from not detectable (n=4) to 5.27 ng/g of tissue with a median of 2.3 ng cotinine/g of tissue (interquartile range 0.01-4.98 ng/g). Cotinine levels in the placentas from women who reported smoking during pregnancy were significantly higher than cotinine levels from those who denied cigarette smoking ( Figure 1A , mean (SD) = 2.42 (2.21) versus 40.06 (39.05), P<0.001). These data demonstrate significant differences in cotinine levels in human placenta of women who smoke cigarettes during pregnancy. Furthermore, seven samples with information regarding the number of cigarettes smoked per day (range=1-2/day to 1 pack This article has not been copyedited and formatted. The final version may differ from this version. ROC curve analysis was performed to determine the optimal cutpoint required to classify a placental sample as one from a woman who smokes cigarettes. Figure 2 shows the sensitivity and 1-specificity of placenta cotinine levels with an area under the curve of 0.878. The threshold of 7.5 ng/g placenta provided a sensitivity of 78.7% and a specificity of 100%. Lower thresholds between 5.2 and 7.5 ng cotinine/g placenta decreased specificity without an increase in sensitivity (Table 2 ). This analysis is based on a small number of samples with reported cigarette smoking by the mother during pregnancy; therefore, a bootstrapping approach was employed to statistically assess the reliability of the threshold of 7.5 ng/g. In three separate determinations with 10,000 iterations each, the mean threshold at which the specificity was 100% ranged from 7.5 to 7.6 ng/g with a mean sensitivity ranging from 78.7% to 79.2% and an area under the curve of at least 0.877 for all three simulations (Table 3) .
Cotinine Concentrations in Placenta Suggest the Existence of Multiple Populations of Exposure.
Cotinine levels were determined in an additional 415 placental samples from pregnancies in which the history of maternal smoking was unknown. Cotinine was below the limits of detection of the assay for 153 samples and at detectable levels for 262 (63.1%) of the samples tested ranging to over 180 ng/g placenta (n=2). Based on the threshold of 7.5 ng/g determined by ROC curve analysis and confirmed by bootstrapping, 40.2% (n=167) of the unknown samples would be classified as positive for maternal cigarette smoke exposure (either active smoking or ETS) based upon cotinine levels in the placenta. There was no relationship observed between estimated post conceptional age and cotinine levels in human placenta, This article has not been copyedited and formatted. The final version may differ from this version. indicates the presence of at least two populations with detectable cotinine levels in addition to a third group with cotinine levels below the limits of detection of the assay (Figure 3) . This distribution is similar to serum cotinine levels observed in over 16,000 participants in the NHANES study (Benowitz et al., 2009a) . Furthermore, the threshold of 7.5 ng/g placenta as determined with the ROC curve analysis lies between the two population peaks.
Cotinine in Placenta Predicts Changes in Gene Expression in Fetal Tissues
Maternal cigarette smoking has been shown to increase the expression of drug/xenobiotic metabolizing enzymes in placenta and fetal liver. To determine if maternal smoking status as determined with cotinine levels in placenta is associated with changes in gene expression in fetal tissues, quantitative RT-PCR was performed to detect the expression of CYP1A1, CYP1B1, CYP19A1, CYP2A6, and EPHX1 in fetal liver and/or lung from 23 fetuses with no cigarette smoke exposure (defined as no detectable cotinine in the placenta) and 23 with maternal cigarette smoke exposure (defined as cotinine >7.5 ng/g placenta (range 12.1-186.4 ng/g)). Target gene expression was normalized using GAPDH, expression of which was not affected by postconceptional age or the presence of cotinine in placenta in this set of fetal lung and liver tissues.
After normalization with GAPDH, mRNA expression levels were significantly higher for both CYP1A1 (2.88-fold, p=0.013) and CYP1B1 (2.57-fold, p=0.0001) in lung samples for which placenta from the same pregnancy indicated maternal cigarette smoke exposure relative to lung samples from fetuses with no detectable cotinine in the placenta (Figure 4 ). In addition, there This with maternal cigarette smoking relative to those that had no detectable cotinine (Figure 4 ).
CYP19A1 and EPHX1 mRNA expression in fetal liver were not associated with cotinine levels in the placenta. These data demonstrate that cotinine in placenta is associated with changes in gene expression in fetal liver that are consistent with those seen in response to maternal cigarette smoke exposure (O'Shaughnessy et al., 2011) . Furthermore, these data indicate that the developing fetal lung is exposed to potentially harmful components of cigarette smoke.
To further confirm that there exists a relationship between placental cotinine levels, maternal serum cotinine concentrations, and changes in the expression of drug metabolizing enzymes in the fetal lung, a murine model of cigarette smoke exposure was employed. Cotinine levels were determined in placenta and serum samples collected on embryonic day 17.5-18.5 from unexposed pregnant adult female mice (n=8) and those exposed to mainstream cigarette smoke (n=8). Serum cotinine levels in mice exposed to cigarette smoke were significantly higher than those in unexposed mice (mean (SD) = 30.15 (21.99) ng/ml versus 2.96 (0.34) ng/ml, P<0.001).
Likewise, cotinine levels in placenta were higher in exposed mice versus unexposed (11.0 ng/g tissue versus below the limits of detection). In cigarette smoke exposed mice, a statistically significant correlation between serum and placental cotinine levels was observed ( Figure 5A , r 2 =0.63, p= 0.03) with placenta cotinine levels 2.6-fold lower, on average, than cotinine levels in serum (range=1.7-4.5).
This article has not been copyedited and formatted. The final version may differ from this version. and Cyp1b1 were determined in pups at postnatal day 5 from dams with (n=8) or without (n=8) exposure to cigarette smoke during gestation. In pups exposed to maternal cigarette smoke prenatally, mRNA expression for Cyp1a1 and Cyp1b1 was induced in the distal lungs. Cyp1a1 expression was induced 3.2-fold (p=0.012) while Cyp1b1 was induced 1.7-fold (p=0.009),
confirming that maternal smoke exposure results in changes in gene expression in the lungs of the developing fetus ( Figure 5B ).
Discussion
In this study we report the detection of cotinine in human placentas from women who reported smoking during their pregnancy and correlate maternal cigarette smoke exposure predicted by placental cotinine levels with changes in gene expression in fetal liver and lung.
The median cotinine level in placentas from women who smoked cigarettes was 27.2 ng/g placenta while the median cotinine level in placentas from women who denied smoking cigarettes was significantly lower at 2.3 ng/g (P<0.001). Cotinine is a widely used biomarker for determining cigarette smoke consumption and has been measured in diverse biological matrices including serum, saliva, urine, hair, cord blood, and amniotic fluid. Optimal threshold levels have been estimated for the biological materials most commonly used to measure cotinine including serum, urine, and hair, but not other matrices. In serum, a threshold of 14 ng/ml proposed by Jarvis et al. has been widely utilized to distinguish active smokers from nonsmokers (Jarvis et al., 1987) . Although ETS exposure can result in serum cotinine levels in excess of 10 ng/ml, a global cutpoint of 3 ng/ml (4.5 ng/ml in females) serum has been recently proposed to distinguish active smokers from non-smokers based on data from the National Health and Nutrition Examination Survey (NHANES) (Benowitz et al., 2009a) .
Based on ROC curve analysis, results from 47 placental samples from mothers who reported cigarette smoking suggest a threshold of 7.5 ng/g placenta to distinguish mothers who actively smoke cigarettes from those that do not smoke. Compared with self-reported cigarette smoking, this threshold appropriately classified all nonsmoking mothers and 68% of smoking mothers. As cotinine levels in cord blood are similar to maternal blood at term (Perkins et al., 1997) , previous studies utilized a cotinine concentration in cord blood of 14 ng/ml to determine prenatal smoke exposure. This widely used threshold was determined in the 1980s with a reported 96%
This article has not been copyedited and formatted. The final version may differ from this version. 16 sensitivity and 100% specificity (Jarvis et al., 1987) . More recently, a lower cutpoint of 4.5 ng/ml was proposed to distinguish smokers from nonsmokers in females, ages 20-85 (specificity=98.4%, sensitivity=96.4%) based on data from NHANES (Benowitz et al., 2009a) .
This lower cutpoint is in close agreement with the cut-off determined in placenta.
Data from seven samples in which the number of cigarettes consumed per day was reported suggest a linear relationship to cotinine levels in placenta. While a dose-response relationship in human tissues could not be determined with reliability in this study in consideration of the small number of samples with information regarding the number of cigarettes smoked/day, cotinine levels determined in samples from pregnant mice demonstrate a positive correlation between cotinine levels in serum and placentas.
The distribution of cotinine levels in 415 placentas from women for whom the history of cigarette smoking was unknown suggests the presence of at least three populations: unexposed individuals and two populations within the samples with detectable levels of cotinine (Figure 2 ).
This distribution is very similar to serum cotinine levels in a small study of adult emergency room patients (Benowitz et al., 2009b) as well as in smokers and non-smokers participating in the much larger NHANES study between 1999 and 2004 (Benowitz et al., 2009a) . The two evident populations with detectable levels of cotinine in placenta are hypothesized to represent non-smokers exposed to ETS and active smokers. One limitation of this study is that no samples with ETS exposure only were available, therefore, the extent of overlap between women with extensive ETS exposure and low level active smokers can not be determined with certainty.
However, we report the cotinine concentration in the placenta from one mother who reported smoking 1-2 cigarettes/day as 8.2 ng/g, suggesting that a threshold of 7.5 ng cotinine/g is capable of distinguish low-level smoking mothers from nonsmoking mothers. In two separate studies, This article has not been copyedited and formatted. The final version may differ from this version. cotinine concentrations in cord blood at time of delivery have been proposed for distinguishing unexposed babies (<1 ng/ml) from babies whose mothers were exposed to ETS (1-14 ng/ml) and those who smoked cigarettes during their pregnancy (>14 ng/ml) (Bearer et al., 1997; Pichini et al., 2000) , consistent with ROC analysis and the distribution of cotinine concentrations in placenta observed in this study.
Based upon a threshold of 7.5 ng/g in placenta, the number of placental samples that could be classified as from mothers who were actively smoking in this population would be 40.2% versus 22.9% who were exposed to ETS. This is approximately 2-fold higher than would be expected based upon the estimated smoking prevalence among women of child-bearing age in the United
States (Dietz et al., 2011) . In the U.S., 36.7% of non-smoking adults ≥ 20 years old had evidence of recent secondhand smoke exposure (serum cotinine >0.05 ng/ml) (Centers for Disease Control and Prevention (CDC), 2010), suggesting that the higher than expected rate of placenta samples positive for cotinine may represent mothers with extensive exposure to ETS as well as actively smoking mothers. Assuming similar cotinine levels in cord blood and whole placenta, a more conservative threshold of 14 ng/ml (Bearer et al., 1997; Pichini et al., 2000) would result in the classification of 37.3% (n=155) as placentas from mothers who were actively smoking and 21.4% (n=89) samples in this population as exposed to ETS, still well above the reported prevalence of smoking among women of child-bearing age. An alternative explanation for the higher than expected number of samples classified as positive for cigarette smoking may be a higher rate of smoking among the source population (here, pregnant women who electively 18 has a high prevalence of smoking (26-29% in Caucasian women <25 years of age). Specific information regarding age, ETS exposure, and economic status for the population from which the placental samples were obtained was not available, and therefore the larger than expected number of placenta samples that are positive for cotinine in this study may reflect the combination of environmental exposures as well as the demographics of the specific study population rather than cigarette smoking prevalence among all women of child-bearing age in the U.S. Given the small sample size of the control population, we cannot exclude the possibility that the ROC threshold based on fewer than 60 placentas can not accurately predict smoking status. Since our mouse data show that placental cotinine levels consistently reflect cigarette smoke exposure, the likelihood of this possibility is low.
In humans, cotinine concentrations in cord blood, umbilical cord tissue, meconium, and amniotic fluid throughout gestation correlate strongly with maternal serum or urine levels (Luck et al., 1985; Bearer et al., 1997; Jauniaux et al., 1999; Pichini et al., 2000; Marin et al., 2011; Wright et al., 2011) . As maternal blood was unavailable for comparison with human placentas in this study, a mouse model of maternal cigarette smoking was used to investigate the relationship between maternal blood and placental cotinine levels. Mouse and human placentas are hemochorial, characterized by fetal trophoblasts in direct contact with maternal blood; however, mouse placenta has three layers of trophoblasts (hemotrichorial) while human placenta has a single layer of trophoblasts (hemomonochorial). While structurally different, studies suggest that the placentas from the two species are functionally similar with respect to the exchange of small molecules (reviewed in Dilworth and Sibley, 2012) .
To further validate that cotinine levels in placenta are capable of distinguishing between fetuses exposed to maternal cigarette smoking and unexposed fetuses, quantitative RT-PCR was In conclusion, results from this study demonstrate the utility of cotinine levels in human placenta as a biomarker of fetal exposure to cigarette smoke in utero. Additional studies are required to confirm the proposed thresholds for distinguishing non-smokers with ETS exposure from active smokers and to define the dose response relationship between the number of cigarettes consumed by the mother and cotinine levels in placenta. Finally, cotinine levels in 415 placenta samples suggest that the prevalence of cigarette smoking may be higher than national averages for certain segments of the population. Therefore, placenta cotinine levels will be most useful as biomarker to assign cigarette smoking status in studies where information regarding maternal smoking behavior is absent.
This article has not been copyedited and formatted. The final version may differ from this version. 28 PCR was performed as described on RNA isolated from lungs of pups on postnatal day 5 that were from dams either unexposed (n=8) or exposed to cigarette smoke during pregnancy (n=8). 
